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Abstract Dynamic real time assembly of toroidal and rod-like
DNA condensates has been visualised using atomic force
microscopy. Imaging has been conducted in an aqueous
environment allowing the visualisation of hydrated, pegylated-
polymer DNA condensates undergoing dynamic structural
movement and conformational change. A major hurdle in the
field of gene delivery is cellular transfection and the subsequent
transfer of condensed genetic material to the cell nucleus. An
increased understanding of the process of DNA condensation
will aid the development and optimisation of gene delivery
vectors. ß 2000 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Deoxyribonucleic acid (DNA) is seldom present in vivo in
an uncondensed state. Speci¢cally condensed DNA structures
are integral to DNA replication, viral transfection, and com-
paction within sperm heads and nucleosomes. Recently inter-
est in the phenomenon of DNA condensation has been further
fuelled by the requirement for controllable DNA condensa-
tion in non-viral gene therapy to allow packaging within, and
transfection from, gene delivery vehicles. Gene therapy has
the potential to treat diseases ranging from inherited genetic
disorders to acquired conditions and cancer [1,2].
In order for DNA to achieve densely packed condensed
conformations the repulsive forces acting along the phosphate
backbone must be overcome. It has been demonstrated that
approximately 90% of the electrostatic repulsion between
DNA segments must be neutralised to allow condensation
to occur [3,4]. Multivalent cations for example, polyamines
[5,6], polylysine [7,8] and hexamminecobalt(III) [9,10] have
been used to induce condensation in vitro. These studies
and others have shown condensed DNA existing as toroidal
and rod-like condensates. Polyamines, for example spermi-
dine, are believed to induce condensation in vivo [11].
In order to gain an understanding of the organisation of
DNA condensate packing and the dynamics of formation,
toroidal structures have been extensively characterised exper-
imentally [4,10,12,13] and theoretically [14,15] in order to elu-
cidate how DNA winds within toroids and any structural
intermediates of the folding pathway. Here the atomic force
microscope (AFM) is used to image the morphology of
DNA^polymer condensates at various stages of the condensa-
tion process.
AFM has been utilised in a number of applications in the
study of DNA, including the visualisation of dynamic process-
es [16,17] and indeed looking speci¢cally at systems for DNA
delivery [8,18,19]. Importantly AFM holds a major advantage
over other ultra-resolution imaging techniques in its ability to
operate in a range of environments and to study non-labelled
species. This allows the study of native biomolecules in aque-
ous conditions thereby eliminating the structural artefacts that
can be introduced when molecules are dehydrated in the sam-
ple preparation procedures required in for example transmis-
sion electron microscopy (TEM). The requirement of immo-
bilisation of molecule to substrate does though remain. In this
study imaging has been carried out in a controlled aqueous
environment allowing DNA^polymer condensates to undergo
conformational change in real time. An increased knowledge
of such structures will bene¢t the understanding of the con-
densation process and facilitate improvement in gene delivery
technology.
In this study linear poly(amidoamine)s [20] are used to in-
duce condensation. These are biodegradable materials with
low cellular toxicity which interact with plasmid DNA to
produce complexes that have demonstrated successful trans-
fection in vitro [21], and hence are promising candidates as
non-viral DNA delivery vectors. Here a pegylated poly(ami-
doamine) has been chosen as it is proposed that the inclusion
of a hydrophilic region, for example poly(ethylene glycol)
(PEG), may overcome the problems of colloidal stability
[22,23] of the DNA^polymer complexes. The steric contribu-
tion of PEG may also reduce the potential biocompatibility
[24] problems seen with poly(amidoamines) [25] on transfer-
ring the system from in vitro to in vivo.
2. Materials and methods
2.1. DNA
Two plasmid samples were used in this study. Unless otherwise
stated pBR322 plasmid DNA (4365 base pairs) (Sigma-Aldrich, Poole,
UK) was used. The 6 kb plasmid pRSVluc (Cobra Therapeutics,
Keele, UK) was also used. Both lyophilised plasmids were diluted
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to stock solutions of 20 Wg ml31 in water. The choice of plasmid did
not a¡ect condensate morphology or behaviour.
2.2. Polymer
A PEG-modi¢ed poly(amidoamine), ABA copolymer, molecular
weight 28 00 Da, was synthesised and supplied courtesy of Dr F.
Bignotti (University of Brescia, Italy) [26]. It was supplied as a
freeze-dried solid, and prior to use was dissolved in water to give a
solution that when added to the DNA solution an equal volume was
required to obtain a 5:1, polymer:DNA ratio in terms of polymer
repeating units:DNA nucleotides. All water used was obtained from
an ELGA puri¢cation system (resistivity 15 M6 cm) and all bu¡ers
were ¢ltered through a 0.2 Wm pore size ¢lter, (Sartorius, Go«ttingen,
Germany) prior to use.
2.3. AFM imaging
Condensates were prepared by adding 20 Wl of polymer solution
(138 Wg ml31) to 20 Wl of DNA solution (20 Wg ml31). After 5 min
incubation, 20 Wl of the resulting solution was deposited onto 1 cm2 of
freshly cleaved mica. Imaging was conducted under 10% w/v phos-
phate-bu¡ered saline, (PBS, 0.014 M NaCl, 0.001 M phosphate, pH
7.4) which was prepared from tablets (Sigma-Aldrich).
A Nanoscope IIIa Dimension 3000 Scanning Force microscope
(Digital Instruments Inc., Santa Barbara, CA, USA) was used
throughout. All imaging was conducted in tapping mode, with
512U512 data acquisition at a scan speed of 2 Hz under bu¡er at
ambient conditions. Thin-armed, silicon-nitride, oxide-sharpened, tri-
angular cantilevers (Nanosensors, Germany), were selected, operating
at a resonant frequency of approximately 8 kHz. All post-imaging
analysis was carried out on Nanoscope software. Background slope
was removed using a ¢rst or second order polynomial function and
images were subjected to a median ¢lter.
3. Results and discussion
3.1. Formation of DNA^polymer condensates with a cationic
polymer
The morphology of uncondensed DNA plasmids has been
extensively characterised [27] however when complexed with a
cationic polymer the DNA molecules adopt a strikingly di¡er-
ent conformation. Toroidal and rod-like or plectonemic con-
densates are observed, representative images of which are pre-
Fig. 1. AFM images of toroidal and rod-like condensates formed
with pBR322 and cationic pegylated-poly(amidoamine). All scale
bars are equivalent to 300 nm.
Fig. 2. Real time images of toroidal and rod-like condensates
formed with cationic polymer and pBR322. Three consecutive aque-
ous images acquired at 5 min intervals demonstrating condensate
movement in real time. All scale bars are equivalent to 300 nm.
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sented in Fig. 1. All these condensates have been imaged in an
aqueous environment. The morphology of the structures ob-
served is comparable to those reported previously in TEM
studies [10,28,29] and theoretically [14,15]. The mean toroidal
outer diameter was calculated from four evenly spaced cross-
sectional measurements of each molecule. The average outer
diameter of 68 toroids was determined to be 133 þ 23 nm.
Width measurements were taken at half maximum height in
order to minimise the contribution from tip convolution. Tor-
oid outer diameters measured in this study are comparable or
slightly larger than those reported elsewhere [10,13,29,30].
This is believed to be due to the hydrated nature of these
complexes and to the use of a pegylated-polymer, which is a
relatively large molecule with substantial physical presence
Fig. 3. Real time formation of a toroidal condensate formed with cationic polymer and pBR322. Eight consecutive scans separated by a 5 min
time interval showing the formation of a toroidal condensate. Scale bars are equivalent to 200 nm.
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when compared to a multivalent cation. The variation in tor-
oidal diameter may be due to multimolecular toroidal forma-
tion or di¡ering levels of packing density.
Importantly, because immobilisation in this study has been
achieved simply on bare mica without substrate modi¢cation
or the addition of multivalent cations, conformational change
has not been induced by immobilisation chemicals [31].
Polymer and DNA have been combined in a 5:1 polymer
repeating unit:DNA nucleotide ratio. The excess polymer
present is expected to confer a net positive charge upon the
condensates. Such positively charged complexes are known to
possess higher stability and have higher transfection e⁄cacy,
and hence demonstrate more promise in the ¢eld of gene
delivery [21].
Uncondensed DNA plasmids were never observed on the
surface in the presence of polymer. This is due ¢rstly because
uncondensed DNA would not be expected to adhere to the
untreated, negatively charged mica surface, as it does not
possess the net positive charge conferred by the polymer. In
addition the polymer is present in a 5:1 excess of the plasmid
Fig. 4. Aqueous AFM images displaying dynamic equilibrium between toroidal and rod-like condensates. Twelve consecutive images acquired
at 5 min time intervals of condensates formed with cationic polymer and plasmid pRSVluc. All scale bars are equivalent to 200 nm.
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so the quantity of uncondensed molecules would be expected
to be minimal. Gel electrophoresis of this ratio has also shown
the presence of no uncondensed DNA (results not shown).
3.2. Condensate tertiary conformational movement in a liquid
environment
AFM has the ability to scan the same surface area repeat-
edly and hence image dynamic surface changes in real time.
Images are generally at time points of a few minutes apart
depending on scan size and scan speed, which ultimately de-
pends on the system being studied. In vivo biomolecules are
not static entities and undergo conformational movement over
time. Fig. 2 shows three consecutive images taken approxi-
mately 5 min apart. On close inspection it is observed that
over consecutive scans the DNA^polymer condensates under-
go tertiary movement. Speci¢c attention is drawn to the plec-
tonemic condensate (A) and the toroidal condensate (B) which
both show movement. This movement is not in the scan di-
rection and there is no streaking of the image and hence does
not appear to be due to in£uence of the tip. It is proposed
Fig. 4 (continued).
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that although the condensates are immobilised to an extent
that allows scanning probe imaging without sweeping the con-
densates ability to move suggests they are anchored loosely
and not irreversibly hence surface immobilisation has been
unlikely to induce conformational change in itself.
3.3. Dynamic formation of toroidal and rod-like condensates
An area of focus in the study of DNA condensation is the
folding pathway or potential pathways DNA follows in order
to form a condensate [10,29,32]. The ability of the AFM to
image movement of biomolecules in aqueous conditions pro-
vides the opportunity to image the folding process of mole-
cules like DNA as it occurs. Fig. 3 shows eight consecutive
images recorded at 5 min intervals. Here the formation of a
toroidal like condensate in real time is observed. From such
images alone it is not possible to without doubt attribute a
model of toroidal formation however, the condensate in Fig. 3
does appear to be forming by fusion of the ends of a curled
plectonemic condensate.
When regarding cation-induced DNA condensation an un-
resolved issue is whether rods are intermediates of toroidal
formation or toroids intermediates of rod formation, or in-
deed whether they are distinct of one another. Fig. 4 shows 12
images at approximately 5 min time intervals, here plasmid
pRSVluc was used. Three complexes are observed labelled as
shown. First following the progress of complex A, in Fig. 4a it
has a 90 nm ‘tail’ protruding from the top of its structure,
over time this becomes less prominent. In Fig. 4i, it is merely
a small loop and by Fig. 4l it has coiled into the toroidal-like
structure. Complex B, in Fig. 4a this condensate appears as a
plectonemic or rod-like structure. Throughout Fig. 4a^i this
rod-like structure is maintained however it undergoes slight
tertiary movement demonstrating its loose binding to the sub-
strate. In Fig. 4j this rod-like condensate appears to open up
and in Fig. 4k,l a ring-like structure develops. Finally atten-
tion is drawn to complex C. In Fig. 4a^d this complex possess
a toroidal-like morphology. As indicated in Fig. 4f^i a thin-
ner, weaker region on this ring appears to develop. In Fig. 4j
the toroidal structure has opened with a rod-like structure
being displayed. In Fig. 4l characteristic plectonemic loops
are observed at either end of this rod-like structure.
The toroidal structures observed in this system are believed
to be fairly loosely wound structures due to the bulky nature
of the pegylated-polymer, hence probably represent an early
stage of condensate formation. We believe we are observing
a stage of condensate formation where ring and rod-like
structures exist dynamically, having the ability to reversibly
equilibrate between structures.
DNA condensation in vivo is generally regarded as a spon-
taneous process when electrostatic repulsion of the DNA
phosphate backbone is adequately neutralised by cationic
molecules [3,4]. The slower speed of condensate formation
observed here may be attributed to steric hindrance from
the substrate or di¡erences in ionic conditions to that in
vivo. Alternatively it is proposed that the use of a relatively
large molecular weight polymer with the steric contribution of
solvated PEG rather than a small cation may slow down the
condensation process. The ability of the partially mica bound
complexes to change condensation state allows us to infer that
the forces that drive this conformational change are stronger
than those that promote binding to the mica. A similar ob-
servation was made in the study by Allen et al. [13].
The majority of DNA imaging with AFM has been con-
ducted air [19,30,33] where molecules are dried down on to
the substrate e¡ectively ¢xing the DNA so it is unable to
participate in tertiary conformational change. Though this
technique is extremely useful in providing snap shots of bio-
molecular activity it is restricted in that information on pro-
cess dynamics is limited and structural morphology may con-
tain drying artefacts. DNA morphology is in£uenced by the
ionic concentration of the DNA environment, which is un-
known and variable as the sample is dried [34]. Indeed di¡er-
ent drying protocols have been shown to alter structural con-
¢gurations of polycation DNA complexes [8]. There is also
the question whether toroidal formation is induced from glob-
ular condensates upon evaporation of the solvent [35]. Imag-
ing of biomolecules in liquid o¡ers the ability to elucidate
structural conformation without the presence of drying arte-
facts and observe process dynamics in real time.
In common with all surface imaging there is the question of
how closely the composition and morphology of adsorbed
structures represents that in the bulk solution. In this study
repeated imaging of the sample was possible over a number of
hours. Regardless of the duration of imaging no structures
were observed other than the rod-like and toroidal conden-
sates already discussed, though the number of condensates on
the substrate increased over time as more complexes di¡used
to the surface. It would be expected that if other structures,
for example spherical aggregates, were present then they
would adhere to the substrate in a similar manner to the
condensates observed.
The data presented here illustrate the ability of the AFM to
visualise in situ kinetics of the condensation process and dem-
onstrate its potential role in investigations of the time-resolved
mechanics of the condensation process.
4. Conclusions
Atomic force microscopy imaging of DNA and pegylated-
polymer complexes in an aqueous environment has been suc-
cessfully achieved, elucidating toroidal and rod-like conden-
sates. DNA^polymer condensate conformational change has
been observed in real time. The morphology and mechanism
of condensate assembly has an important place in the develop-
ment and optimisation of potential gene delivery vectors. The
role of AFM in the clari¢cation of these mechanisms has been
demonstrated.
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